Two analytical methods developed for degradation studies in soil were compared for the simultaneous determination of sulfonylurea herbicides. The compounds were extracted with phosphate buffer from soil samples after purification and enrichment steps by solid-phase extraction. Samples were analyzed by liquid chromatography (LC) or capillary electrophoresis (CE) with UV detection. Amidosulfuron, bensulfuron-methyl, chlorimuron-ethyl, chlorsulfuron, ethametsulfuron-methyl, metsulfuron-methyl, nicosulfuron, primisulfuron-methyl, sulfometuron-methyl, thifensulfuron-methyl, triasulfuron, and tribenuron-methyl were separated within 90 and 35 min by LC and CE, respectively. Average recoveries, determined with LC for 5 sulfonylureas in 1-100 µg/kg soil ranged from 74 to 103%, and those determined with CE for 10 sulfonylureas in 2-20 µg/kg soil ranged from 87 to 105%. Bensulfuron-methyl was recovered at lower levels of 52%. The limits of quantitation were 1.0 and 2.0 µg/kg soil for LC and CE, respectively. Coefficients of variation were higher for CE than for LC. Although both methods are suitable, the LC method, which is more sensitive and accurate than the CE method, is preferred for field studies. However, CE, which was shown to be faster with lower operating costs and unlimited repeatability of the analysis due to little injection volumes, is preferred for laboratory studies.
S ulfonylurea herbicides represent a new dimension in weed control because of their low application rates. Thus, methods are needed to determine their residues in soil (1) . Various methods of residue analysis have been developed. Enzyme-linked immunosorbent assays (ELISA) often require a selective kit for each compound to be determined (2, 3) . Gas chromatography is feasible only after derivatization, because of the low volatility and thermal stability (4) (5) (6) .
Thus, liquid chromatography (LC) is the most widely used chromatographic method for routine determination of sulfonylureas in soil and water (7) (8) (9) . Published methods were mainly developed for detection of single compounds or for systems with a photoconductive detector (10, 11) . This detector, however, is difficult to handle and gives inconsistent results (12) . Recently, capillary electrophoresis (CE) was reviewed for pesticide residue determinations in general (13) , and methods for determination of sulfonylureas in soil and water were published (14) (15) (16) .
To the best of our knowledge, no information is available on a direct comparison of these 2 analytical tools, using the same extraction method. This paper, therefore, compares the determination of sulfonylureas in soil by LC and CE, with a modified extraction and cleanup recently developed for the LC determination of sulfonylureas in soil (17) . 
Experimental

Reagents and Standards
The analytical standards used are shown in Table 1 
Solutions
(a) Stock solutions.-Standard stock solutions of every compound at a concentration of 1 mg/mL were prepared in acetonitrile. Working solutions were prepared by diluting stock solutions in acetonitrile (for LC) as well as in 1 mM NH 4 OH (for CE). The solutions were stored at -18°C.
(b) Extraction solution.-0.07M phosphate buffer, pH 7.0 (3.88 g potassium dihydrogen phosphate and 7.22 g sodium hydrogen phosphate/L) was prepared daily.
Extraction
The extraction of soil samples was adapted from reference 17. Homogenized soil corresponding to 50 g dry soil was weighed into 250 mL polypropylene centrifuge bottles. After addition of 100 mL extraction solution, the sample was mixed and shaken at 200 rpm for 20 min on a horizontal shaker. After centrifugation at 20 000 × g for 20 min at 4°C, the supernatant was decanted through a Büchner funnel with a glass fiber filter and filtered under vacuum into a 250 mL bottle. The samples were cooled on ice during the filtration process. The pellet was resuspended in 100 mL extraction solution, including the water content of the soil sample, and extracted a second time. Both supernatants were combined and mixed, and 100 mL extract was kept cool for further purification and enrichment steps. Table 1 .
Purification was by SPE. The pH of the soil extract was adjusted to 3.0-3.5 with phosphoric acid. The extract was passed through a C 18 SPE cartridge that had been preconditioned with 5 mL methanol followed by 10 mL water. The compounds were eluted from the solid phase with 10 mL ethyl acetate containing 0.1% glacial acetic acid and collected in a glass tube. The water phase was discarded carefully with a Pasteur pipet. The sample was evaporated to dryness under a slight nitrogen stream by using a heating block at 35°C.
The residue was dissolved in 1 mL ethyl acetate by using a Vortex mixer and an ultrasonic water bath. After addition of 4 mL hexane and repeated mixing, the mixture was passed through a silica SPE cartridge preconditioned with 5 mL ethyl acetate and 5 mL ethyl acetate-hexane (20 + 80). The cartridge was rinsed with 5 mL ethyl acetate-hexane (20 + 80) and eluted with 10 mL ethyl acetate containing 0.1% glacial acetic acid. The eluate was collected in a glass tube and evaporated to dryness with a slight nitrogen stream at 35°C.
For LC analysis, the residue from the previous step was dissolved in 0.5 mL methanol (containing chlorsulfuron at 2.0 µg/mL as internal standard), and the solution was mixed and ultrasonicated for 5 min. A 1 mL portion of 30 mM potassium dihydrogen phosphate pH 6.2 was added to the solution, which was then evaporated to 0.8-1 mL. The concentrate was adjusted to 1 mL with filtered bidistilled water and analyzed after adjustment to pH 4.5-5.0 with phosphoric acid just before analysis.
For CE analysis, the residue from the extraction step was dissolved in 0.5 mL 1 mM NH 4 OH (containing nicosulfuron at 1 µg/mL as internal standard), and the solution was mixed and ultrasonicated for 5 min. After filtration through a cellulose filter, Minisart RC 4 the filtrate was analyzed by free zone CE.
Analytical Conditions
(a) Liquid chromatography.-Two gradients were developed for the determination of all 12 sulfonylureas (laboratory samples) and for the determination of those sulfonylureas currently authorized in Germany (field samples). The mobile phase was acetonitrile-0.01M H 3 PO 4 . For laboratory samples, the mobile phase was 30% acetonitrile for the first 30 min, increasing to 35% acetonitrile in 30 min, then increasing to 60% acetonitrile in 10 min, and remaining at 60% acetonitrile for 5 min. For field samples, the mobile phase was 32% acetonitrile for the first 25 min, increasing to 50% acetonitrile in 10 min, and remaining at 50% acetonitrile for 5 min. The 0.01M phosphoric acid was prepared daily to avoid growth of algae. Detection wavelengths were 226 and 232 nm. The mobile phase flow rate was 0.7 mL/min, and the column temperature was 30°C. The sample injection volume was 200 µL.
(b) Capillary electrophoresis.-The electrolyte buffer, 50 mM acetate buffer, pH 4.76, was prepared daily, degassed in an ultrasonic bath, and filtered with cellulose filter Minisart RC 4 before use.
The column was cleaned with air at a pressure of 50 mbar for 5 min, 0.1M NaOH for 2 min, bidistilled water for 5 min, and electrolyte buffer for an additional 5 min. The sample was injected at 50 mbar for 20 s and additional electrolyte buffer for 4 s. The compounds were separated by applying 20 kV at 20°C and 0 mbar for 40 min (resulting in a current of 25 µA). The detection wavelength was 239 nm.
Recoveries
To check the modified extraction method for both analytical systems, recoveries were determined for all compounds. Soil samples were fortified with 1.0, 2.0, 5.0, 10.0, 50.0, and 100.0 µg/kg soil in 3 replicates and with 2.0, 4.0, 10.0, and 20.0 µg/kg soil in 4 replicates for LC and CE, respectively. After thorough mixing, the soil was extracted as described above.
Results and Discussion
Separation
For routine determination of sulfonylureas by LC, reversed-phase chromatography with a C 18 -bonded silica column has been favored in most studies (7, 8) . Investigations with C 8 -bonded silica material (18) showed faster analysis time, but complicated the separation of different compounds. With Zorbax ODS C 18 and SB-Phenyl analytical columns (17) , unsatisfactory results were obtained with our chromatographic system. Nucleosil 100 RP-18 (5 µm) material gave the best separations and sensitivity. Gradient elution and optimization of flow rate and column temperature resulted in good separation of all 12 sulfonylureas. Figure 1 shows the chromatogram of a standard solution of the 12 sulfonylureas under investigation. The separation of all 12 sulfonylureas was obtained in 80 min. The retention times could not be reduced without losing separation efficiency, in particular between bensulfuron-methyl and tribenuron-methyl, and between chlorimuron-ethyl and primisulfuron-methyl. Most degradates of the sulfonylureas are more polar than the parents and elute too fast to allow accurate quantitation under these chromatographic conditions.
Because of highly efficient separations, CE has been used especially for multiresidue determinations of sulfonylureas (19) (20) (21) . An earlier published method (22) was adapted to our chromatographic system. An electropherogram of a standard solution of all sulfonylureas under investigation is shown in Figure 2 . A faster separation was not possible without losing separation efficiency under our conditions, although the separation should generally be possible in 20 min (22) . Some degradation products of the sulfonylureas, such as 2-amino-4,6-dimethylpyrimidine, can also easily be determined under these conditions. Other degradates, however, elute with the electroosmotic flow and, therefore, cannot be quantitated.
Extraction Method, Recoveries, and Limits of Quantitation
All 12 sulfonylureas investigated are weak acids and have pK a values between 3.3 and 5.2. With increasing pH, water solubility increases and adsorption and susceptibility to hydrolysis of the sulfonylurea bridge decreases. The influence of pH has to be considered for the development of extraction methods for sulfonylureas from soil (3, 17, 19) . The protocol used in this investigation is based on a published method (17) . However, the substitution of the phosphate buffer, pH 7, for the ammonium carbonate solution as the extraction solvent seemed more suitable for the compounds in this study. Ammonium carbonate generated high amounts of carbon dioxide after the addition of phosphoric acid. The carbon dioxide retarded the flow through the cleanup cartridge. This was disadvantageous for compound stability. The higher pH of the ammonium carbonate buffer (pH 8.5), compared with that of the phosphate buffer (pH 7.0), was also disadvantageous because of the possible alkaline hydrolysis of the compounds, especially thifensulfuron-methyl.
Recoveries were determined with CE at concentrations of 2.0, 4.0, 10.0, and 20.0 µg/kg dry soil for all compounds with 4 replicates (Table 2 ). Detector responses were linear between 0.1 and 10 µg/mL. Recoveries were higher than 70% with standard deviations lower than 30%, therefore, the requirements for pesticide analyses (23) were met for 10 of the 11 compounds (only tribenuron at the lowest fortification level showed a slightly higher coefficient of variation [CV] ). However, the method is not suitable for bensulfuron-methyl, probably because of the strong adsorption on the Si-phase SPE cartridge. This observation was reported earlier by Powley and De Bernard (17) and reconfirmed in our study for nicosulfuron, which was chosen as an internal standard and added after the purification steps. Thifensulfuron-methyl was also more strongly adsorbed on the Si phase than the other compounds investigated, but could be quantitatively eluted after the volume of the eluting solvent was increased from 5 mL to 10 mL. Solid phases from different manufacturers proved to be different in their performances; high purity, particle size with medium diameter of 40 µm, and large surface area were necessary for satisfactory results.
For this study, the limit of quantitation (determination) is defined as the lowest fortification level evaluated at which acceptable average recoveries were obtained (17) . The lowest fortification level resulting in good recoveries with CE was 2.0 µg/kg. In previous publications, limits of quantitation have been reported to be 100 µg/kg in sediments without cleanup (22), 20-35 µg/kg in grains after cleanup by SPE (12), 10 µg/kg in soil also after cleanup by SPE (14) , and 50 µg/kg in soil after re-extraction of the extract with methylene chloride (16) . Recoveries were lower than the 90-96% reported for triasulfuron and primisulfuron, using a methanol-phosphate buffer pH 7.0 as an extraction solvent (16) , but that study was performed at much higher fortification levels. The cleanup method used in this study, developed for measurements with LC, can therefore be considered, after appropriate modification, to improve sensitivity in CE determinations of sulfonylureas. Figure 3 shows an electropherogram of an extract of a fortified soil sample. Filtration of the samples with a cellulose filter (2 µm) was necessary to avoid interferences from soil compounds. However, 2 peaks, resulting from the SPE cartridges, remain visible in the electropherogram, but they do not interfere with any of the compounds. Sterile soil samples could not be analyzed by CE because of several interfering organic compounds that appeared after autoclaving.
Recoveries for 5 sulfonylureas currently authorized in Germany were determined by LC at concentrations of 1.0, 2.0, 5.0, 10.0, 50.0, and 100.0 µg/kg dry soil (Table 2) . Optimal wavelengths were 226 and 232 nm. Detector response was linear between 0.05 and 5 µg/mL.
Recoveries for thifensulfuron-methyl, metsulfuronmethyl, and triasulfuron were within the range reported for previously published methods (18, 24, 25) . The lowest fortification level resulting in satisfactory recoveries was 1.0 µg/kg and, for the soils investigated in this study, is comparable with that found for the original method (17) , although the analytical procedure has been simplified. However, the use of our method should be limited to soils for which the history is known, such as recent treatments. Screening for sulfonylureas in soils without knowledge of their history should preferably be confirmed by LC with mass spectrometry. Figures 4 and 5 show chromatograms of extracts of fortified soil samples.
Comparison of LC and CE
Sulfonylurea analogues can be separated faster with CE than with LC. In addition, CE is more economical because of low solvent requirements, fast analyses, very low operating costs, and good repeatability for an unlimited number of measurements, which result from the low injection volumes.
The determination with LC, however, allows quantitation of lower levels of residues. Lower limits of quantitation were 1.0 µg/kg for LC and 2.0 µg/kg for CE (Table 2) , with lower CVs. This can be explained by the different UV detector constructions used for the 2 methods, resulting in generally higher peaks with LC than with CE. Capillary electrophoresis can be used for fast and simultaneous determination of laboratory degradation and hydrolyses studies, for example in the context of the development of quantitative structure-reactivity relationships, where several analogues must be simultaneously determined. LC is preferable for degradation studies in field trials, because it can detect lower residue levels.
